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rates in UNX males were significantly higher than in UNXGender differences in renal growth and function after unine-
females. Both male and female UNX rats responded to volumephrectomy in adult rats.
expansion with an exaggerated initial sodium and urine excre-Background. It is known that compensatory renal growth
tion compared with their controls. Phosphate handling was not(CRG) following unilateral nephrectomy (UNX) increases
altered in UNX male rats; however, UNX female rats hadboth the size of the kidney and its functional capacity; however,
increases in fractional Pi excretion that were associated withfew studies have investigated whether differences in CRG exist
significant reductions in the maximum capacity for Pi reabsorp-between the sexes. Our study examined the sex-related differ-
tion (2.10 6 0.07 vs. 3.43 6 0.24 mmol/ml GFR in femaleences in remnant kidney growth and function two months fol-
controls, P , 0.0001). This difference was also observed in Oxlowing UNX.
rats treated with estrogen and testosterone (2.31 6 0.07 vs.Methods. Adult male and female Wistar rats underwent either
3.12 6 0.11 mmol/ml GFR, P , 0.0007).left UNX or sham operation and recovered for 8 to 10 weeks.
Conclusions. These findings indicate that sexual dimorphismAnother group of female rats underwent ovariectomy (Ox),
exists in remnant kidney growth and function two months fol-with vehicle, estrogen, or testosterone replacement: two-weeks
lowing UNX. Indeed, morphological abnormalities and impair-postsurgery animals underwent UNX and recovered for 8 to
ment in renal phosphate handling are affected by gonadal ste-10 weeks. Metabolic studies, acute renal function studies [re-
roids by two-months post-UNX. The fact that renal Pi transportsponse to acute saline volume expansion (2 to 4% of body wt)
was reduced in female but not male UNX rats may also haveor phosphate (Pi) infusions in thyroparathyroidectomized rats
important implications during periods of high metabolic de-(to determine the transport maximum (TmPi)], and renal mor-
mand for phosphate in the female.phology were assessed at the end of the experimental period.
Results. Two months post-UNX, male remnant kidneys
grew 114 6 7% of their excised kidney weight (KW), whereas
female remnant kidneys grew only 57 6 4% (P , 0.05). There
The removal of a single kidney immediately stimulateswas a significant increase in the glomerular volume of male
the growth and function of the remaining (remnant) kid-remnant kidneys (126.2 6 13.4%, P , 0.001) compared with
control kidney volume, whereas there was no change in glomer- ney. We have previously determined that there are dif-
ular volume in female remnant kidneys (20.2 6 16.1%, P 5 ferential mechanisms initiating the early compensatory
NS). There was also glomerular and tubular damage in the renal growth (CRG) response with age [1–4] and be-
male remnant kidneys, whereas female remnant kidneys were
tween the sexes (abstract; Mulroney et al, J Am Socintact. Studies in Ox female rats supplemented with gonadal
Nephrol 4:776A, 1992). Indeed, although early CRG issteroids determined that testosterone is the driving force for the
enhanced remnant kidney growth and glomerular hypertrophy. growth hormone (GH)-dependent but is independent of
Renal function studies determined that UNX males had sig- changes in renal IGF-I gene expression in the adult male
nificantly higher glomerular filtration rates (GFRs) than UNX animal [1, 2], CRG in the prepubertal male and adult
females, although the GFR/single KW was not different be-
female animals is GH-independent but associated withtween the sexes, indicating a proportional increase in GFR.
significant increases in remnant kidney IGF-I gene ex-Basal urinary sodium excretion and urine flow rates were sig-
nificantly higher in anesthetized UNX rats than their sham- pression and ligand binding (abstract; ibid) [3, 4]. Fur-
operated controls, and urinary sodium excretion and urine flow thermore, the alternate growth pathways appear ulti-
mately to govern whether the accelerated growth has
a hyperplastic component (abstract; ibid) [4], and theKey words: compensatory renal growth, kidney development, unilat-
mechanisms may be mediated by the different gonadaleral nephrectomy, testosterone, estrogen, phosphate transport, sexual
dimorphism. steroids. This elucidation of the early age- and gender-
related differences in renal growth highlights the poten-Received for publication August 25, 1998
tial importance of development and sex on physiologicaland in revised form March 2, 1999
Accepted for publication April 8, 1999 and pathophysiological processes.
Although some long-term effects of renal ablation 1999 by the International Society of Nephrology
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have been reported in both human and animal studies, tured closed. The left, excised kidney was used as a
the issue of gender differences is not well understood. control for the remnant kidney growth. It was weighed,
Clinical perspective studies have reported that many kid- sliced longitudinally, and placed in 10% formalin for
ney donors have at least mild proteinuria [5–10], and morphological analysis. The animals recovered rapidly
some have reported a higher incidence of hypertension and were allowed normal rat chow and water ad libitum.
than normal [7, 8]. When male and female kidney donors A separate group of adult female rats underwent
were assessed separately, males had a higher rate of ovariectomy (Ox) by flank incisions and were supple-
proteinuria and hematuria compared with single-kidney mented with either cholesterol vehicle (VEH; 5 mg cho-
women, as well as increased renal disease [11]. Animal lesterol in 0.1 ml saline, intraperitoneally, at 9 a.m. every
studies have usually reported an increased incidence of other day), estrogen (EST; 17b-estradiol, 5 mg in 0.1 ml
glomerulosclerosis (GS) and other anomalies, possibly vehicle, at 9 a.m. every other day), or TEST (TEST
because they represent accelerated aging models, and proprionate, by 15 mm silastic implant, subcutaneously)
analysis can be performed easily. Morphological studies two weeks prior to UNX. This type of hormone replace-
in rats have determined that there is a higher incidence ment strategy has been shown to be effective in the rat
of GS in rats undergoing unilateral nephrectomy (UNX) [17]. After two weeks, animals underwent left nephrec-
at a young age, compared with adults potentially due to
tomy, as outlined previously.
the greater remnant kidney growth rate in the young [12,
At two-months post-UNX, animals were weighed and13]. Gender studies have shown that the UNX female rat
separated into three groups:has reduced proteinuria compared with males [14]. The
Group 1. Male (sham, N 5 6; UNX, N 5 6) andelevated proteinuria in the one-kidney male may reflect
female (sham, N 5 5; UNX, N 5 6) rats were preparedan exacerbation of the normal development of glomeru-
for acute renal clearance experiments to determine thelar injury in the male rat [15]. These studies, however,
maximum capacity for phosphate reabsorption (methodwere performed nine months post-UNX. Seminal work
follows).by Reckelhoff and Baylis has illustrated that the relative
Group 2. Male (sham, N 5 5; UNX, N 5 6) andabundance of renal metalloproteases contributes to the
female (sham, N 5 5; UNX, N 5 6) rats were preparedage-related degeneration of the male kidney and is re-
for acute renal clearance experiments to determine theirlated to the presence of testosterone (TEST) [16]. These
response to saline volume expansion (method follows).studies support the notion that UNX is associated with
Group 3. Female Ox rats given VEH (N 5 5), ESTlong-term degeneration of the remnant kidney, an action
(N 5 5), or TEST (N 5 5) were anesthetized and preparedthat appears to be dramatically less pronounced in the
female animal. However, no studies have integrated the for acute renal clearance experiments to determine the
early development of changes in kidney morphology with maximum capacity for phosphate reabsorption (method
renal function and determined the significance of gender follows).
on these parameters. Defining the early development of Group 4. A separate group of adult male and female
renal pathology and potential sex differences would help rats underwent UNX, and remnant kidney growth was
elucidate the mechanisms by which renal parenchymal determined 48 hours later to illustrate initial remnant
and functional damage occurs. Thus, the purpose of these kidney growth between the sexes. The left, excised kid-
studies was to determine changes in renal function and ney was used as a control for the remnant kidney growth.
morphology in male and female rats at an intermediate No clearance or morphological studies were performed
time (two-months) post-UNX. on this group.
General surgical preparation for acute renalMETHODS
clearance experimentsUnilateral nephrectomy
Animals from groups 1, 2, and 3 were anesthetized byAll procedures were performed in accordance with
an intraperitoneal injection of Inactin (80 to 100 mg/kg,guidelines approved by the Georgetown Animal Care
intraperitoneally; Promonta, Hamburg, Germany). Bodyand Use Committee. Adult (12 to 14 weeks of age) male
temperature was maintained at 37 6 0.58C via rectaland female Wistar rats were anesthetized with ether and
probe using a servo-controlled heat lamp (Yellow Springswere weighed. An incision was made in the left flank,
Instruments, Yellow Springs, OH, USA) and a thermo-and the kidney was isolated and decapsulated (the adre-
regulated table. A tracheostomy was performed to allownal gland remained intact), ligated with 4-0 silk suture,
spontaneous breathing. Catheters were placed in the jug-and excised. Sham-operated animals were prepared in
ular vein for infusions (inulin and saline), carotid arterythe same manner, and the left kidney was manipulated,
for blood pressure measurements and blood sampling,but not removed. The area was cleansed with an antimi-
crobial agent (Novason), and the flank incision was su- and bladder for urine collection.
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Determination of the maximum capacity for adult female and male rats from groups 1, 2, and 3 two-
phosphate reabsorption in sham and UNX rats months post-UNX. All kidneys were coded and analyzed
in a blind study. The code was keyed after all samplesFollowing general surgical preparation, animals from
were analyzed. Two micrometer sections of formalin-groups 1 and 3 underwent thyroparathyroidectomy
fixed methacrylate-embedded tissue from longitudinal(TPTX) to remove the influence of endogenous parathy-
slabs of kidney were stained with periodic acid-Schiffroid hormone (number of animals in these groups given
under prior group description). Following TPTX, a 2% reaction. The areas of at least 100 glomerular tuft profiles
cold inulin (Sigma Chemical Co., St. Louis, MO, USA)/ per sample were measured interactively with an ad hoc
saline solution was infused at a rate of 2% body wt/hr. routine running Optimas image analysis system (Bio-
After a 90-minute recovery period, a 20-minute control scan, Edmunds, WA, USA.) An estimate of the mean
urine clearance was made, with a blood sample taken at glomerular volume (MGV) was derived from the har-
the midpoint of the collection. To increase the filtered monic mean of unselected profile areas, as previously
load of Pi to the kidneys and facilitate determination described [19, 20].
of the TmPi, increasing concentrations of phosphate
(di- and mono-basic in a 4:1 ratio) sodium phosphate Metabolic studies
dissolved in normal saline) were added to the inulin
Metabolic studies were performed in female sham-
solution every hour (to achieve rates of 3, 6, and 9 mmol/
operated (N 5 3) and UNX rats (UNX only, N 5 7;min). Urine clearances were taken continuously every
1Ox/VEH, N 5 5; 1Ox/EST, N 5 5; 1Ox/TEST, N 5 5)20 minutes for an additional 100 minutes, and blood
at two-months postsurgery to assess the effects of changessamples were obtained at the midpoint of each clearance.
in the TmPi on Pi excretion in the conscious animals.At the end of the experiment, the remnant kidney or
At two-months postsurgery, animals were placed in indi-both sham kidneys were weighed and placed in 10%
vidual metabolic cages (Nalgene) three days prior toformalin for morphological analysis. TmPi was calcu-
performing acute TmPi studies. Food and water intakelated as the mean of the highest individual values of
and urine and fecal output were measured daily, andreabsorbed Pi per ml glomerular filtration rate (RPi/
urine and fecal samples were collected for analysis ofGFR) in each group [18].
phosphate and sodium content. Electrolyte balance was
Renal response to saline volume expansion in sham determined as the difference between intake (in food)
and UNX rats and urine and fecal output.
During general surgical preparation described pre-
Analysisviously, animals in group 2 had an additional catheter
containing saline inserted in the same jugular vein as the Glomerular filtration rate was equated with the clear-
inulin catheter (number of animals in these groups given ance of cold inulin by the Anthrone colorimetric method
under prior group description). The syringe pump con- [21]. Urine and plasma sodium and potassium concentra-
trolling the saline catheter was not turned on during the tions were measured by flame photometry (IL-943; In-
60-minute recovery period. For these experiments, the strumentation Laboratories, Lexington, MA, USA).
thyroid and parathyroid glands remained intact. Phosphate concentrations in urine and plasma were de-
After the 60-minute recovery period, two 20-minute termined by the phosphomolybdate method of Chen,
control urine clearances were obtained, with blood sam- Toribara, and Warner [22]. Fecal samples were washed
ples taken at the midpoint of each clearance. The saline at 6008F in a muffle furnace and then ground and resus-
infusion was started at an additional 2% body wt/hr for pended in 2 ml of 2 N HCl for analysis, as previously
one hour and then 4% body wt/hr for one hour. Urine
described [18].
clearances and blood samples were made every 30 min-
utes over the experimental period. Steady-state levels Statistical analysis
were assessed during the second 30-minute clearance of
Comparisons between kidneys from female and maleeach saline infusion, and these values are reported. At
animals were made using unpaired Student’s t-tests.the end of the experiment, animals were killed. The
Comparisons between control and remnant kidneyskidney(s) was weighed, bisected, and placed in 10% for-
within the same sex animal were made using paired Stu-malin for morphological analysis.
dent’s t-tests. Linear regression was performed with
Morphometric studies Pearson’s method. A significance of percentage changes
in glomerular volume was performed using the Mann–To assess the potential gender-related differences in
Whitney U nonparametric analysis. Significance was as-kidney tissues initiated by UNX, morphological studies
were performed on control and remnant kidneys from signed as P , 0.05.
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Fig. 1. Percentage change in remnant kidney weight (KW) 48-hours
and two-months post-UNX in adult male and female rats. Although
initial remnant kidney growth was not different between the sexes, male
remnant kidneys grew a significantly greater extent than female remnant
Fig. 2. Percent change in mean glomerular volume (MGV) in male andkidneys. *P , at least 0.05 vs. control kidney; #P , of at least 0.05 vs.
female remnant kidneys at two-months post-uninephrectomy (UNX).female remnant kidney.
MGV was not changed in female kidneys compared with sham-operated
controls; however, there was a significant increase in MGV in remnant
kidneys from male UNX rats. *P , 0.001 vs. female MGV.
RESULTS
Remnant kidney growth and morphology after UNX
there was no significant change in MGV at two-months
Remnant kidney growth was determined at two days post-UNX in the female remnant kidneys (D20.2 6
(group 4) and two months post-UNX (groups 1 through 3),
16.1%), there was a dramatic increase in MGV in male
and potential pathological changes were assessed at two
remnant kidneys (D126.2 6 13.4%, P , 0.0005 from
months following UNX or sham operation (animals were
control values; Fig. 2). In addition, the increase in glo-then 5 to 6 months of age). The remnant kidney was
merular volume was proportional to the original size ofcompared with the excised kidney from each individual
the contralateral, control male kidney (Pearson’s linearanimal. Figure 1 illustrates that although the initial (48-hr
regression, r 2 5 0.66, P , 0.05). Furthermore, this in-post-UNX) increase in remnant kidney weight (KW)
crease in glomerular size was associated with otherwas not different between the sexes, growth was doubled
pathological changes in the male remnant kidneys. Therein the male compared with the female remnant kidneys
were no glomerular or tubular anomalies in the controlafter two months (D in remnant KW of 114 6 7 vs. 57 6
kidneys of either sex (Table 1). Female remnant kidneys5%, respectively, P , 0.001). Although the female rem-
had very slight tubular dilation and tubular cell swelling,nant kidneys did not grow to the same extent as observed
a finding that is in keeping with a small, long-term hyper-in the male, they weighed significantly more than a single
trophy of the tubular cells commensurate with the CRG.age- and weight-matched female control kidney (KW/
In sharp contrast to the findings in the female kidneys,body wt proportionality ratios of 0.46 6 0.01 vs. 0.31 6
male remnant kidneys had significant focal hydronephro-0.01% in female remnant and control kidneys, respec-
sis with whole nephron damage, including tubular dila-tively, P , 0.0001). As to be expected, the difference in
tion, tubular cell swelling, Bowman’s space enlargement,KW/body wt ratios was considerably greater in the male
and glomerular tuft compression. Two out of six remnantremnant compared with both control kidneys (0.59 6
kidneys also contained patchy lymphoid infiltrates (Ta-0.02 vs. 0.39 6 0.01%, respectively, P , 0.0001), despite
ble 1).the greater increase in weight gain in the males. Over
The effects of gonadal steroid replacement on remnantthe two-month period, body weights increased 43 6 5 g
kidney growth was determined in Ox female rats. Asin female, and 156 6 7 g in male rats (P , 0.0001). The
expected, Ox/TEST rats displayed a greater body weightKW/body wt ratios for male control and remnant kidneys
gain over the two-month period following UNX com-were significantly greater (P , 0.01) than the corre-
pared with Ox/EST or Ox/VEH animals (95 6 9 vs. 54 6 7sponding values for female kidneys.
and 58.0 6 5 g, respectively, P , 0.02). Although ourMorphometric analysis of control and remnant kid-
Ox/TEST treatment regimen did not stimulate the sameneys of male and female rats exposed additional gender
degree of glomerular and tubular damage observed indifferences. MGV was significantly greater in control
intact male UNX remnant kidneys, there was a dramatickidneys from female rats compared with that in male
rats (1.89 106 mm3 vs. 0.85 106 mm3, P , 0.001). Although increase in glomerular volume in the Ox/TEST remnant
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Table 1. Renal pathology in remnant kidneys post-uninephrectomy
Renal lesions
Single glomerular Tubular dilation Lymphoid
hydronephropathy tubular cell swelling infiltrates
Female
Control (N 5 4) 2 2 2
Remnant (N 5 6) 2 (6) (6/6) 2
Male
Control (N 5 6) 2 2 2
Remnant (N 5 6) 1 (5/6) 1 (6/6) 1 (2/6)
The abbreviation N is the number of kidneys; (#pos/total).
Table 2. Basal parameters in sham-operated and unenephrectomized (UNX)
Female Male
Sham (N 5 9) UNX (N 5 18) Sham (N 5 10) UNX (N 5 13)
GFR ml/min 2.5960.12 2.29 60.17 3.4560.30 2.88 60.23b
UNaV lEq/min 0.4960.27 5.24 61.45a 0.6860.31 10.4161.88ab
FENa % 0.1860.05 1.19 60.22a 0.1760.04 2.0 60.04ab
FEK % 22.563.2 39.2 64.1a 30.063.5 29.9 62.3b
FEPi (TPTX) % 0.0160.01 4.67 61.29a 0.0160.03 0.90 60.80b
Plasma Na mEq 14063 140 62 14761 148 61b
Plasma K mEq 3.460.1 3.2 60.1 3.860.1 3.9 60.1b
Plasma Pi mm 1.9260.08 1.56 60.20a 2.2360.23 1.99 60.05b
V˙ ll/min 12.265.4 27.6 66.1a 11.561.5 71.3 611.1ab
Abbreviations are: GFR, glomerular filtration rate; UNaV, urinary sodium excretion; FENa, fractional excretion of sodium; FEPi, fractional excretion of phosphate
(Pi); FEK, fractional excretion of potassium; TPTX, thyroparathyroidectomy; V˙, urine flow rate.
a P of at least , 0.05 vs. sham control value
b P of at least , 0.05 vs. female UNX
kidneys, which was significantly greater than that ob- in the UNX animals, possibly because of the increase in
sodium excretion. Interestingly, the fractional excretionserved in ovary intact remnant kidneys (53 6 6 vs. 14 6
4%, respectively, P , 0.003). of phosphate (FEPi) was significantly higher than controls
in UNX female, but not UNX male rats. This may have
Basal renal function at two-months post-UNX been reflected in the somewhat low plasma phosphate
levels in the female UNX rats (Table 1). Plasma sodiumBasal renal function was determined in sham and
UNX male and female rats at two months post-UNX. and potassium levels were not different than sham-oper-
ated controls within the sexes; however, the female ratsWhen animals from groups 1 and 2 were prepared for
their respective acute renal clearance experiments, basal had consistently lower values than the males in this para-
digm (Table 2).parameters were assessed in the control period, prior to
initiation of the experimental protocols. Remnant kidney Basal parameters for female OX rats supplemented
with steroids are given in Table 3. The GFR was notfunction was increased in both female and male rats two
months following UNX, commensurate with the gain in significantly different between groups, although there
was a tendency for the Ox/TEST animals to have higherremnant KW. As expected, the remnant GFR/KW ratios
in female rats were significantly greater than the GFR/ rates. Both the EST- and TEST-replaced Ox rats had
significantly increased basal fractional excretion of so-KW ratios in control two-kidney female animals (1.31 6
0.11 vs. 0.59 6 0.07 ml/min/g KW, respectively, P , 0.02). dium, as observed in the intact male and female UNX
rats. Ox/TEST, but not Ox/EST, animals displayed aThis indicates that the enlarged single kidney markedly
increased the GFR over the two-month period. This also significantly greater urine flow rate than VEH-treated
animals, possibly because of the greater sodium excre-held true for the UNX male animals (GFR/KW, 1.33 6
0.12 vs. 0.72 6 0.11 ml/min/g KW, respectively, P , 0.01). tion. Fractional potassium excretion was also greater in
the Ox/TEST animals. The differential effects of TESTInterestingly, basal urinary (UNaV) and fractional (FENa)
sodium excretion was elevated in UNX female and male and EST were especially evident in the fractional excre-
tion of Pi. Consistent with findings in the UNX male andrats. In addition, UNaV and FENa were significantly
greater in the male UNX rats compared with females female rats, FEPi was significantly elevated in the Ox/EST
rats compared with VEH- and TEST-treated animals(Table 2). Urine flow rate was also significantly higher
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Table 3. Basal parameters in ovariectomized UNX rats
Ox/VEH (N 5 5) Ox/EST (N 5 5) Ox/TEST (N 5 5)
GFR ml/min 2.2860.27 1.8560.28 2.68 60.59
FENa % 0.4060.20 1.1560.21a 1.6460.49a
FEK % 18.263.7 17.765.7 41.6 67.2
FEPi (TPTX) % 0.4060.30b 5.4562.13a 0.6660.14b
Plasma Pi mm 1.8260.17 2.1060.10 2.39 60.05a
V˙ l/min 19.368.5 18.962.1 38.5 610.6ab
Abbreviations are: GFR, glomerular filtration rate; UNaV, urinary sodium excretion; FEK, fractional excretion of potassium; FENa, fractional excretion of sodium;
FEPi, fractional excretion of phosphate (Pi); TPTX, thyroparathyroidectomy; V˙, urine flow rate.
a P of at least , 0.05 vs. Ox/VEH
b P of at least , 0.05 vs. Ox/EST
Fig. 4. Maximum capacity for phosphate reabsorption (TmPi) in fe-
male rats at two-months postoperation. TmPi (determined after TPTX)Fig. 3. Maximum capacity for phosphate reabsorption (TmPi) in adult
was not different from two-kidney (sham-operated) controls in OX/male and female rats at two-months postoperation. TmPi (determined
VEH and Ox/TEST UNX rats; however, there was a significant reduc-after TPTX) was not different following UNX in male rats; however,
tion in the capacity to reabsorb Pi in the Ox/EST female rats, whichthere was a significant reduction in the capacity to reabsorb Pi in the
was similar to that observed in ovary-intact UNX female rats. *P ,UNX female rats. *P , 0.001 vs. sham-operated rats.
0.001 vs. sham-operated rats.
(Table 3). This supports the concept that EST promotes
over, the Ox/EST rats displayed a significant reductionPi excretion in the female UNX animal.
in TmPi, which was not different from intact female
Maximum capacity for phosphate reabsorption in UNX rats (Fig. 4). Also, basal FEPi was significantly in-
sham and UNX rats creased in the Ox/EST compared with VEH- or TEST-
treated animals (Table 3). This confirms the increase inTo determine whether the increased basal FEPi in fe-
FEPi observed in intact female UNX animals (Table 2)male UNX rats was associated with a decrease in the
and indicates that EST does cause an increase in Piintrinsic renal tubular capacity for phosphate reabsorp-
excretion in the UNX female.tion, TmPi studies were performed. Basal FEPi (Table 2)
and TmPi (Fig. 3) in male rats were not different from
Renal response to saline volume expansion in shamsham-operated control animals, indicating that Pi han-
and UNX ratsdling was not affected by a loss of renal mass after two-
The acute renal response to saline volume expansionmonths post-UNX. In contrast, there was a marked de-
was also determined in anesthetized animals two monthscrease in the TmPi (D –41% from controls) observed in
after sham operation or UNX (group 2). Again, basalfemale UNX rats (Fig. 3).
urinary sodium excretion and urine flow were elevatedConsistent with the difference in Pi handling observed
in both female and male UNX rats (Table 2). Figure 5in intact male and female UNX rats, TmPi in Ox/VEH
illustrates that in response to 2 and 4% saline volumeand Ox/TEST animals was not different from female
sham-operated controls or intact UNX male rats. More- expansion, urinary sodium excretion was significantly
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Fig. 5. Fractional excretion of sodium (FENa)
following 2 and 4% saline volume expansion
(VE) in male and female rats two months
following UNX or sham operation. Basal FENa
was elevated above control levels in both male
and female UNX rats. In response to VE,
UNX animals exhibited an exaggerated natri-
uresis compared with their sham-operated
controls. *P , at least 0.05 vs. control time
point. B, basal.
higher in UNX rats compared with their sham-operated elevated in UNX female rats (1.95 6 0.14 vs. 1.45 6 0.08
mEq/day in control rats, P , 0.04), and the combinedcontrols. The fractional excretion of sodium was not
different between female and male UNX rats at any time urinary and fecal sodium excretion reduced sodium bal-
ance in the adult female animals by 50% (from 46 6point. Urine flow rate was also elevated above sham
controls during volume expansion periods. 4% in controls to 20 6 10% in UNX rats, P , 0.05),
which is again consistent with the basal sodium excretion
Metabolic studies in conscious female rats in the acute clearance studies.
The effects of gonadal steroids on metabolic parame-To address the potential effects of attenuated phos-
phate reabsorption observed in the UNX female rat, ters was assessed in conscious, steroid-supplemented Ox
rats. The average daily food intake over the three daysmetabolic studies were performed in a separate group
of conscious female rats (2 months post-UNX or sham was similar between control females (no UNX) and Ox
rats treated with EST or TEST (17.8 6 0.5, 18.5 6 0.8,operation) prior to acute TPTX and determination of
TmPi (groups 1 and 3). Over the collection period, UNX and 14.7 6 1.1 g/day, respectively). Water intake was
significantly (P , 0.05) greater in Ox/EST rats (45.4 6 1.7females tended to lose weight more than that observed
in sham-operated controls (–10.3 6 3.5 vs. –3.0 6 0.5 g ml/day) than Ox/TEST or control animals (36.4 6 3.3
and 37.0 6 0.7 ml/day), although urine volume was ele-over the two day experimental period, P 5 0.1), although
the difference was not significant. Food and water intake vated in both Ox/EST (17.9 6 1.0 ml/day) and Ox/TEST
(17.3 6 3.1 ml/day) compared with controls (9.0 6 1.1was comparable in control and UNX rats over the three
day period. However, although water intake was not ml/day, P , 0.01). Interestingly, fecal weight was reduced
in EST- and TEST-treated animals compared with con-different over the three day period (37.0 6 0.7 vs. 37.4 6
3.9 ml/day in UNX and control animals), urine volume trol animals (9.1 6 0.9 and 6.7 6 0.9 vs. 14.6 6 1.1 g/day,
respectively, P , 0.01), suggesting altered intestinal wa-was significantly elevated over control adult rats (21 6
3 vs. 9 6 1 ml/day, respectively, P , 0.05). Fecal weight ter absorption (because food intake was comparable).
Most importantly, the key differences observed in uri-was reduced in UNX rats compared with controls (8.0 6
0.8 vs. 14.6 6 1.1 g/day, respectively, P , 0.01). Urinary nary phosphate handling and balance were confirmed,
in that Ox/EST animals displayed significantly greaterphosphate excretion was significantly increased two
months post-UNX compared with controls (0.72 6 0.06 urinary Pi excretion (0.810 6 0.12 mmol/day, P , 0.01)
than Ox/TEST or control rats (0.48 6 0.04 and 0.49 6vs. 0.49 6 0.03 mmol/day, P , 0.03). This was consistent
with the reduced TmPi observed in the acute clearance 0.03 mmol/day, respectively). This enhanced Pi excretion
in the EST-treated rats reduced Pi balance down to 32 6studies. The normally high positive phosphate balance
observed in the two-kidney female animals (58 6 2%) 5% (P , 0.01) from levels observed in TEST (56 6 4%)
and control (58 6 2%) animals. These data confirm thatwas markedly decreased in the UNX female (to 28 6
3%, P , 0.0001). Urinary sodium excretion was also the presence of EST, but not TEST, in the UNX rat is
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associated with elevated Pi excretion. The metabolic and pertension [15]. Although this is true with normal aging
in the male, our studies suggest that UNX acceleratesrenal function studies indicate that UNX is associated
with elevated fluid and electrolyte excretion, and in the the process, and in this pathophysiological case, the hy-
pertrophy may be associated with accelerated, early glo-female, the urinary losses of phosphate most likely result
from a reduction in the capacity to reabsorb phosphate. merular, and tubular damage in the male remnant kid-
ney. This effect of TEST has also been observed after a
longer period of time post-UNX in male rats, and castra-
DISCUSSION
tion attenuated the glomerular injury and hypertrophy
The findings of this study highlight the gender differ- [23]. In that study, EST supplementation did not reduce
ences in remnant kidney growth, morphology, and func- glomerular hypertrophy; however, the steroid was given
tion in rats two months after uninephrectomy. Although to gonad-intact animals, so the TEST was still present.
initial (48 hr) accelerated remnant kidney growth was Our future studies will investigate the relationship be-
comparable between the sexes, long-term (two month) tween factors that stimulate the glomerular hypertrophy
kidney growth was markedly greater in the male rat. and those that contribute to early renal damage.
This, however, was associated with significant glomerular One of the intriguing findings was the increase in Pi
hypertrophy and glomerular and tubular lesions in the excretion observed in the female, but not male UNX
male remnant kidneys, which were associated with the animals. The steroid replacement studies indicate that
presence of TEST. In contrast, remnant kidneys from the effect on Pi handling was EST dependent. The sig-
female rats had no relevant morphological lesions. The nificant increase in Pi excretion observed in ovary intact
renal growth was associated with the hallmark compen- and Ox/EST female animals in the metabolic studies is
satory increase in GFR in both genders. Of additional completely consistent with the reduction in TmPi in these
interest were the findings that renal sodium and phos- animals. The TmPi normally is significantly higher than
phate handling are significantly altered even at this fairly the plasma Pi level, insuring that adequate Pi will be
early period post-UNX. Metabolic studies determined reabsorbed. In the EST-replete UNX female rats, the
that there was an EST-dependent increase in urinary TmPi was reduced to levels at or near the plasma level of
Pi excretion in conscious female UNX rats, which was Pi [even in the absence of parathyroid hormone (PTH)],
consistent with the acute clearance data. The acute clear- which allowed the excretion of significant amounts of Pi
ance studies also determined that, indeed, basal urinary in both the acutely TPTX and conscious PTH-replete
sodium and fluid excretion was elevated in both male animals. This is a dramatic effect, and considering the
and female anesthetized rats. An important distinction importance of proper Pi homeostasis to various meta-
between the sexes was that, although UNX male rats bolic processes, including bone remodeling, this finding
maintained a normal capacity to reabsorb phosphate, may have important implications. This modest Pi loss
the female UNX rats had a 40% reduction in TmPi, observed in this study may not overtly compromise meta-
which was EST dependent, and resulted in the attenu- bolic processes under normal circumstances, but during
ated phosphate balance observed in conscious female periods of increased demand for Pi, such as during preg-
rats. In summary, these findings suggest that there are nancy or for bone remodeling, it is unclear whether the
important gender differences in the CRG response, kidney could adapt to the demand. There is the possibility
which include early glomerular hypertrophy and damage that a pernicious disease state may ensue. Recent findings
in the male, a reduction in phosphate handling in the suggest that EST actually inhibits sodium-dependent Pi
female, and tendency for altered sodium handling in transport in the kidney [24]. This action of EST may
both sexes. be exacerbated in the single-kidney female animal, as
Although many studies have been published on human observed in this study. If Pi handling is similar in human
kidney donors, invasive testing cannot be performed in single-kidney females, postmenopausal EST replacement
the clinical setting, and many renal functional and mor- may actually cause an imbalance in the plasma calcium-
phological parameters were assessed only when overt phosphate ratio necessary for maintenance of proper
disease was present. Previous studies in humans and bone mineralization. The impact of altered Pi handling
animals have reported the presence of gender differences in females warrants further study.
in renal growth and function after nephrectomy. It has Although Pi handling was altered only in the female
been shown that men with a single kidney may have (EST-replete) UNX animals, sodium excretion was af-
increased proteinuria and hematuria compared with fected in both male and female UNX rats. This was
women [7–10], a finding also observed in animals [14]. evident from the enhanced basal FENa, as well as in the
Baylis reported that the glomerular damage observed in exaggerated natriuretic and diuretic response to saline
the aging male rat kidney is dependent on the presence volume expansion compared with sham-operated con-
of TEST, although the damage in the male was found trols. This was also confirmed in the OX rats treated
with TEST and EST (Table 3). Although water intaketo be dissociated from glomerular hypertrophy and hy-
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was only elevated in the Ox/EST animal, both EST- and was blocked by suppression of GH, indicating that AT1
receptors may play a role in the increase in renal growthTEST-treated animals had significantly reduced fecal
weight, suggesting that intestinal absorption of water and function during the initial phase of CRG. The in-
crease in AT1 receptor expression in glomeruli stronglymay be stimulated. Indeed, although plasma sodium and
potassium levels are not different following UNX (Table supports the concept that the development of glomerular
hypertrophy may be mediated by Ang II and further2), the chronic sodium loss may be stimulating aldoste-
rone secretion, which can act on the colon to dehydrate points to the regulation of AT1 receptors by circulating
GH. Although many studies have suggested a relation-the feces. This additional fluid absorption may balance
out the urinary losses associated with the natriuresis. ship between circulating GH and Ang II [29–32], the
regulation of the AT1 receptor by GH and the potentialIt is unknown whether circulating PTH levels are al-
tered in the female UNX animal or whether they are effect on glomerular hypertrophy are novel concepts be-
ing examined by this laboratory.different from those observed in the male. Considering
that PTH is one of the primary regulators of Pi homeosta- In conclusion, there are consistent gender differences
in renal growth, function, and pathology occurring assis, it is possible that it is elevated to a greater extent in
the female UNX animal than the male; however, because early as two-months post-UNX. The appearance of overt,
the TmPi is calculated in the absence of PTH, the de- TEST-driven glomerular hypertrophy at a relatively
creased TmPi observed in the UNX female and Ox/EST early time following renal ablation provides the potential
rats appears to be a PTH-independent, intrinsic change. mechanism for the subsequent development of glomeru-
Adding the phosphaturic influence of PTH in the con- lar and tubular lesions in the male remnant kidney. Al-
scious animals augments the Pi excretion, as seen in the though there were no overt morphological changes in
metabolic studies. the female remnant kidneys, there was a significant re-
This study indicates that gonadal steroids play a role duction in the capacity to reabsorb Pi, which could lead
in determining the mechanisms for the initial growth to Pi losses in the female, but not male animal. These
response, as well as the long-term growth and changes findings expand on the previous gender differences ob-
in renal function. Gonadal steroid receptors are present served in initial CRG and support the concept that the
in the kidney [25–28], and although differential regula- gonadal steroids play important roles in the differential
tion of the EST receptor is observed in various target mechanisms stimulated following renal ablation.
organs, the effects of EST and TEST on the normal and
remnant kidney are not well documented. However, the ACKNOWLEDGMENTS
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